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Spin polarized transport through a single-molecule magnet:
current-induced magnetic switching
Maciej Misiorny∗ and Jo´zef Barnas´†
Department of Physics, Adam Mickiewicz University, 61-614 Poznan´, Poland
(Dated: October 24, 2018)
Magnetic switching of a single-molecule magnet (SMM) due to spin-polarized current is investi-
gated theoretically. The charge transfer between the electrodes takes place via the lowest unoccupied
molecular orbital (LUMO) of the SMM. Generally, the double occupancy of the LUMO level, and
hence a finite on-site Coulomb repulsion, is allowed. Owing to the exchange interaction between
electrons in the LUMO level and the SMM’s spin, the latter can be reversed. The perturbation
approach (Fermi golden rule) is applied to calculate current-voltage characteristics. The influence
of Coulomb interactions on the switching process is also analyzed.
PACS numbers: 72.25.-b, 75.60.Jk, 75.50.Xx
I. INTRODUCTION
Single-molecule magnets (SMMs) are molecules with
a relatively large net spin moment (corresponding to
the spin number S) and a significant uniaxial magnetic
anisotropy.1,2 As a result, behavior of SMMs resembles
much that of superparamagnets, and at low tempera-
tures the molecules become trapped in one of the two
metastable spin states |±S〉.3,4,5,6 Owing to this bistabil-
ity, SMMs seem to be a suitable base for memory cells of
future information storage and processing technology.7,8
Apart from this, SMMs can possibly become basic com-
ponents of the molecular-based spintronic devices.9
Electronic transport through an individual SMM
has been demonstrated experimentally only very re-
cently,11,12,13 attracting also a significant theoretical at-
tention.14,15,16,17,18 An important issue in this context is
the question of how the molecule’s spin can be switched
between the two stable states by means of spin-polarized
current. This question is important not only from the
purely fundamental reasons, but also from the point of
view of possible applications of SMMs in various magne-
toelectronic devices, and particularly as memory cells.
It is already well known that when a spin-polarized
current flows through a magnet, some amount of spin
momentum can be transferred from the current to mag-
netic body,19 leading effectively to a spin-transfer torque.
This additional torque may lead to magnetic switch-
ing or current-induced precessional states. It has been
shown recently, that exchange interaction between spin-
polarized current and a SMM embedded in the bar-
rier of a magnetic tunnel junction can lead to rever-
sal of the molecule’s spin.20 The model considered there
was simplified as the current was not flowing through
the molecule, but rather directly between magnetic elec-
trodes. However, the tunneling electrons could inter-
act with the SMM via the exchange coupling, leading
to switching of the SMM. The main objective of the
present paper is to investigate theoretically a more re-
alistic mechanism of SMM’s switching, when the spin-
polarized current flows directly through the molecule
FIG. 1: (Color online) Schematic representation of the system
under consideration in the nonequlibrium state, i.e. when a
finite bias voltage V is applied, eV = µL −µR, where µL(µR)
denotes the electrochemical potential of the left (right) elec-
trode. Two collinear magnetic configurations of the leads’
magnetic moments: parallel (black solid arrows) and antipar-
allel (grey solid arrows) are also indicated.
(molecular single-electron transistor geometry). In the
model assumed, the current flows via the lowest unoccu-
pied molecular orbital (LUMO) of the SMM. We restrict,
however, our consideration to the case of the sequential
transport regime. The results clearly show that trans-
port of electrons through the LUMO level can lead to
magnetic switching of the molecule, when the electrons
in the LUMO level interact via exchange coupling with
the spin moment of the inner core of the SMM.
In Sec. II we present the model and basis of the theoret-
ical analysis of transport characteristics. Numerical re-
sults are presented in Sec. III. These results clearly show
the possibility of magnetic switching induced by current
pulse. Summary and final conclusions are in Sec. IV.
II. MODEL AND THEORETICAL
DESCRIPTION
The model to be considered, see Fig. 1, consists of
a SMM weakly coupled to two ferromagnetic electrodes
(also called here leads). We assume that the electronic
transport through the molecule takes place only via the
2LUMO level of energy ε (measured from the Fermi level
of the leads at equilibrium). This level is assumed to
be exchange-coupled to the SMM’s spin.8 Only collinear,
i.e. parallel and antiparallel configurations of the leads’
magnetic moments are considered, and these magnetic
moments are assumed additionally to be parallel to the
magnetic easy-axis of the molecule (along the axis z in
Fig. 1).
The complete Hamiltonian of the system may be writ-
ten as H = HSMM +Hel +HT . The first term describes
the SMM and is assumed in the form,
HSMM = −
(
D +
∑
σ={↑,↓}
∆D1 c
†
σcσ +∆D2 c
†
↑c↑c
†
↓c↓
)
S2z
+
∑
σ={↑,↓}
ε c†σcσ + U c
†
↑c↑c
†
↓c↓
−
J
2
∑
σσ′={↑,↓}
σσσ′ · S c
†
σcσ′ , (1)
where S is the SMM’s spin operator, σ is the Pauli
spin operator for electrons in the LUMO level, and
c†σ(cσ) is the relevant electron creation (anihilation) op-
erator. Apart from this, U denotes the Coulomb energy
of two electrons of opposite spins in the LUMO level,
whereas J is the exchange coupling parameter between
the SMM’s spin and electrons in the LUMO level. The
parameter D is the uniaxial anisotropy constant of a
free molecule, while ∆D1 and ∆D2 describe corrections
to the anisotropy when the LUMO level is occupied by
one and two electrons, respectively.21 The perpendicular
anisotropy terms have been omitted as irrelevant for the
effects described here. Apart from this, we neglect intrin-
sic spin relaxation, eg. that due to spin-phonon coupling.
The only spin relaxation taken into account is that due
to coupling of the molecule to the electrodes. This is
justified as spin relaxation due to electronic processes as-
sociated with coupling of the dot to external leads is the
dominant one.
The next term of H describes the ferromagnetic elec-
trodes,
Hel =
∑
q={L,R}
∑
k,σ={↓,↑}
εq
kσ a
q†
kσa
q
kσ, (2)
where L(R) stands for the left (right) lead. The leads
are characterized by non-interacting electrons with the
dispersion relation εq
kσ, where k denotes a wave vector.
In the equation above, aq
kσ and a
q†
kσ are the relevant an-
nihilation and creation operators, respectively.
The final term of the Hamiltonian H represents tun-
neling processes between the leads and the molecule,
HT =
∑
q={L,R}
∑
k,σ={↓,↑}
[
Tq a
q†
kσcσ + T
∗
q c
†
σa
q
kσ
]
, (3)
where TL and TR are the tunneling matrix elements be-
tween the SMM and the left and right electrodes, respec-
tively. These parameters are assumed to be independent
of the wave vector and spin orientation. We point, that
direct electron tunneling between the leads is excluded.
It has been shown8 that the Hamiltonian HSMM ,
Eq. (1), commutes with the z component Szt of the to-
tal spin operator St ≡ S +
∑
σσ′ σσσ′ c
†
σcσ′/2, where the
second term of St represents the spin of an electron in
the LUMO. As a consequence, if one treats HSMM as the
unperturbed part of the total Hamiltonian H, it is con-
venient to numerate the eigenstates of HSMM with the
eigenvalues m of Szt and with the number of electrons in
the LUMO level. Thus, the eigenstates of the SMM are
given by: |0,m〉 ≡ |0〉o⊗|m〉mol, |2,m〉 ≡ |↑↓〉o⊗|m〉mol,
|1,m〉± ≡ A±m|↓〉o⊗|m+1/2〉mol+B
±
m|↑〉o⊗|m−1/2〉mol
for the intermediate states, and |1,±S ± 1/2〉 ≡ | ↑ (↓
)〉o ⊗ | ± S〉mol for the fully polarized states. Accord-
ing to our notation, |•〉o(mol) denotes the spin state of
the orbital (SMM). The coefficients A±m and B
±
m act here
as effective Clebsch-Gordan coefficients which depend on
the system’s parameters, and have the form
A
±
m = ∓
√
2∆ǫ(m)± (2D(1) − J)m
2
√
∆ǫ(m)
, (4)
B
±
m =
J
√
S(S + 1)−m2 + 1/4
2
√
∆ǫ(m)
√
2∆ǫ(m)± (2D(1) − J)m
, (5)
where ∆ǫ(m) =
√
D(1)(D(1) − J)m2 + (J/4)2(2S + 1)2
and D(1) ≡ D +∆D1. Additionally, we assume 2D
(1) −
J > 0. The corresponding eigenenergies of the Hamilto-
nian HSMM are: ǫ(0,m) = −Dm
2, ǫ(2,m) = 2ε + U −
(D + 2∆D1 + ∆D2)m
2 and ǫ(1,m)± = ε + J/4 − (D +
∆D1)(m
2 + 1/4) ± ∆ǫ(m). The energy of the fully po-
larized states |1,±S ± 1/2〉 is ǫ(1,±S ± 1/2)+.
To investigate the current-induced magnetic switching
of the SMM, we analyze the relevant I-V characteristics.
The total current flowing through the molecule can be
written as I = (IL − IR)/2, where Iα (α = L,R) denotes
the current flowing from the lead α to the molecule,
Iα = e
∑
mr,mq
∑
nr,nq
(nr − nq)γ
|nq,mq〉|nr,mr〉
α P|nq,mq〉. (6)
Here, γ
|nq,mq〉|nr,mr〉
α represents the rate of transitions be-
tween the states |nq,mq〉 and |nr,mr〉, whereas P|nq,mq〉
is the probability of finding the SMM in the state
|nq,mq〉. We assume that current is positive when elec-
trons flow from the left to right. For notational clarity,
from now on we assume |nq,mq〉 ≡ |q〉, which also means
that
∑
q ≡
∑
nq
∑
mq
.
To find current we need to determine first both the
transition rates γ
|q〉|r〉
α and the probabilities P|q〉. Let us
start with the transition rates. In the second order (Fermi
golden rule) one finds γ
|q〉|r〉
α in the form,
γ|q〉|r〉α =
∑
k,σ∈α
[
W
kσ|q〉
|r〉 f(ε
α
kσ)+W
|q〉
kσ|r〉
[
1−f(εαkσ)
]]
, (7)
where the first term corresponds to electron transitions
from the α-th lead to the molecule, while the second term
3describes the charge transfer back to the lead α. Further-
more, f(ε) is the Fermi-Dirac distribution function, and
W if = (2π/~)|〈f |HT |i〉|
2δ(Ef − Ei) is the rate of transi-
tions from an initial state (i) to a final state (f).
The final expression for the transition rates γ
|q〉|r〉
α takes
the form
γ|q〉|r〉α =
1
~
∑
σ={↓,↑}
Γασ
{∣∣Cσqr
∣∣2f(ǫ(r)− ǫ(q)− µα
)
+
∣∣Cσrq
∣∣2[1− f(ǫ(q)− ǫ(r) − µα
)]}
, (8)
where Γασ = 2π|Tα|
2Dασ is the LUMO level width ac-
quired due to coupling of the level to the lead α, and
Dασ denotes the spin-dependent density of states (DOS)
at the Fermi level in the α-th electrode. These param-
eters will be used in the following to describe strength
of the coupling between the SMM and leads. It is con-
venient to write Γασ as Γ
α
± = Γα(1 ± Pα), where Γα =
(Γα+ + Γ
α
−)/2, and Pα is the spin polarization of the lead
α, Pα = (D
α
+ −D
α
−)/(D
α
+ +D
α
−). Here σ = +(−) corre-
sponds to spin-majority (spin-minority) electrons. In the
following we assume that the couplings are symmetric,
ΓL = ΓR = Γ/2. Finally, in Eq. (8) |C
σ
qr |
2 ≡ |〈r|c†σ |q〉|
2
together with |Cσrq|
2 ≡ |〈r|cσ |q〉|
2 constitute basic selec-
tion rules for transitions between neighboring molecular
states. The transition is allowed only when the charge
state of the SMM is changed by one and the change in
the total spin satisfies ∆Szt = ±1/2. Assuming that the
SMM is initially saturated in the state |0,−S〉, see Fig. 2,
one may expect that at a sufficiently large voltage the
molecule can be switched to the final state |0, S〉. The
switching process corresponds then to the reversal of the
SMM’s spin via all the intermediate states.
The probabilities P|q〉 (see Eq. (6)), are obtained from
the master equations
c
dP|q〉
dV
=
∑
α
∑
r
[
γ|r〉|q〉α P|r〉 − γ
|q〉|r〉
α P|q〉
]
, (9)
for nq = 0, 1
(±), 2 andmq ∈ 〈−S−1/2, S+1/2〉 (we recall
the definition, |nq,mq〉 ≡ |q〉). In the present paper, we
assume that the voltage is augmented linearly in time,
V = ct, with c denoting the speed at which the voltage
is increased. The corresponding time scale, however, is
much slower than that set by electronic transitions. The
relevant boundary conditions for the probabilities P|q〉
are: P|0,−S〉(V = 0) = 1 and P|q〉(V = 0) = 0 for |q〉 6=
|1,−S〉.
III. NUMERICAL RESULTS AND DISCUSSION
The results have been computed for an octanu-
clear iron(III) oxo-hydroxo cluster of the formula
[Fe8O2(OH)12(tacn)6]
8+
(shortly Fe8). Such a free-
standing molecule has spin corresponding to S = 10. The
following values of the molecule parameters are taken:
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∆ǫ
FIG. 2: (Color online) The energy levels of a Fe8 molecular
magnet for two values of the Coulomb parameter U . The
black bold circle indicates the initial state |0,−S〉, and ∆ǫ =
0.36 meV is the energy gap corresponding to the activation
energy for the magnetic switching.
D = 0.292 K (D ≈ 0.025 meV),22 J = 0.025 meV and
ε = 0.25 meV. Since there is no clear and reliable ex-
perimental evidence of the change in anisotropy constant
of the Fe8 molecule due to extra electrons in the LUMO
level, we assume ∆D1 = ∆D2 = 0. The couplings of
the molecule to the left and right lead are assumed to
be the same, ΓL = ΓR = 0.0015 meV. We also assume
that both the electrodes are made of the metallic mate-
rial characterized by the same polarization parameter P ,
P = PL = PR. The calculations have been performed for
the temperature T = 0.01 K, which is below the block-
ing temperature TB = 0.36 K. The corresponding energy
levels of the molecule are shown in Fig.2. It is worth
noting that for the parameters assumed, the ground spin
state of the molecule attached to the leads (Szt = ±10) is
the same as that of a free-standing molecule (Sz = ±10).
Nevertheless, for a sufficiently low energy of the LUMO
level, which can be controlled for instance with a gate
voltage, the ground state of the molecule attached to the
leads can correspond to Szt = ±21/2 (the molecule with
one extra electron on the LUMO level).
Fig. 3 presents the average 〈Szt 〉 and current I flowing
through the system for different values of the Coulomb
parameter U in both parallel and antiparallel magnetic
configurations of the leads. It can be noted that the
reversal of the SMM’s spin occurs only in the antiparallel
configuration, whereas in the parallel configuration all
molecular spin states gradually become equally probable.
As a consequence, 〈Szt 〉 → 0 and the magnetic switching
is not observed. This is a consequence of the left/right
symmetry of the molecule’s coupling to external leads –
similarly to the absence of spin accumulation in tunneling
through a metallic nanoparticle in the parallel magnetic
configuration. However, such a symmetry is absent in
the antiparallel configuration, and accordingly the spin
states of the molecule become unequally occupied, which
in turn results in spin reversal.
The corresponding current-voltage characteristics,
shown in Fig. 3 by the dashed lines, reveal features (steps
4FIG. 3: (Color online) The average value of the total spin
〈Szt 〉 (solid line) and the current I flowing through the system
(dashed line) in the case of parallel (P) and antiparallel (AP)
magnetic configurations for different values of the Coulomb
parameter U . The other parameters are: PL = PR = 0.5 and
c = 1 V/s.
FIG. 4: (Color online) Differential conductance dI/dV for
two collinear, i.e. parallel (P) and antiparallel (AP) magnetic
configurations. The parameters as in Fig. 3.
in the current) which are directly related to the reversal
process. In fact, each step corresponds to a certain type
of transitions between neighboring molecular spin levels.
Consider for instance the main features of the I-V plots
shown in Fig. 3. The plots are almost the same as long as
V < 0.72 mV, i.e. for eV below the energy activating the
reversal process. The first step corresponds to the transi-
tion between the states |0,−10〉 and |1,−21/2〉 (see also
Fig. 2). As voltage increases further, the next step ap-
pears due to transitions between the states |0,−10〉 and
|1,−19/2〉−, and the magnetic switching begins. Aug-
menting voltage further, one finds certain regions of bias
voltage, where current drops with increasing bias. This
behavior is particularly visible in the parallel configu-
ration, see Figs. 3 (a,c). The drop in current with in-
creasing bias is equivalent to negative differential conduc-
tance (NDC), see also Fig. 4. The negative differential
conductance is a consequence of the spin blockade phe-
nomenon23, which in turn follows from the inequality of
the transition rates to the two levels. The suppression of
the current starts when the system becomes energetically
allowed to transfer from the state |1,−21/2〉 to the state
|2,−10〉.
The differential conductance corresponding to the I-
V curves shown in Fig. 3 is presented in Fig. 4. The
peaks correspond to the steps from Fig. 3. The negative
differential conductance due to spin blockade is clearly
seen, particularly in the parallel configuration for U > 0,
although some weak negative peaks also occur in the an-
tiparallel case. Evolution of the differential conductance
with the Coulomb energy U and the bias voltage V is
shown explicitly in Figs. 4 (g)-(h) for both magnetic con-
figurations of the leads.
IV. SUMMARY
In this paper we have considered electronic transport
through a single molecular magnet attached to ferromag-
netic leads. The molecule is characterized by a spin num-
ber S and an additional unoccupied orbital, which be-
comes active in transport through the molecule.
We have shown that spin polarized electrons tunnel-
ing through the LUMO level of a SMM can revers the
SMM’s spin when the electrons in the LUMO level in-
teract via exchange coupling with the SMM’s spin. The
reversal starts at a certain threshold voltage correspond-
ing to the distance between the two lowest energy levels.
It is interesting to note, that for symmetrical systems,
the spin reversal takes place only in the antiparallel con-
figuration. The conductance spectra also show regions
of negative differential conductance due to spin blockade
effect.
5Acknowledgments
This work, as part of the European Science Foundation
EUROCORES Programme SPINTRA, was supported by
funds from the Ministry of Science and Higher Education
as a research project in years 2006-2009 and the EC Sixth
Framework Programme, under Contract N. ERAS-CT-
2003-980409.
∗ Electronic address: misiorny@amu.edu.pl
† Electronic address: barnas@amu.edu.pl
1 D. Gatteschi and R. Sessoli, Angew. Chem. Int. Ed. 42,
268 (2003).
2 S.J. Blundell and F.L. Pratt, J. Phys.: Condens. Matter
16, R771 (2004).
3 R. Sessoli, D. Gatteschi, A. Caneschi and M.A. Novak,
Nature 365, 141 (1993).
4 D. Gatteschi, A. Caneschi, L. Pardi and R. Sessoli, Science
265, 1054 (1994).
5 A.-L. Barra, P. Debrunner, D. Gatteschi, Ch.E. Schultz
and R. Sessoli, Europhys. Lett. 35, 133 (1996).
6 L. Thomas, F. Lionti, R. Ballou, D. Gatteschi, R. Sessoli
and B. Barbara, Nature 383, 145 (1996).
7 C. Joachim, J.K. Gimzewski and A. Aviram, Nature 408,
541 (2000).
8 C. Timm and F. Elste, Phys. Rev. B 73, 235304 (2006).
9 S.A. Wolf, D.D. Awschalom, R.A. Buhrman, J.M.
Daughton, S. von Molna´r, M.L. Roukes, A.Y. Chtchelka-
nova and D.M. Treger, Science 294, 1488 (2001).
10 A.R. Rocha, V.M. Garcia-Sua´rez, S.W. Bailey, C.J. Lam-
bert, J. Ferrer and S. Sanvito, Nature Materials 4, 335
(2005).
11 H.B. Heersche, Z. de Groot, J.A. Folk, H.S.J. van der Zant,
C. Romeike, M.R. Wegewijs, L. Zobbi, D. Barreca, E. Ton-
dello and A. Cornia, Phys. Rev. Lett. 96, 206801 (2006).
12 M.-H. Jo, J.E. Grose, K. Baheti, M.M. Deshmukh, J.J.
Sokol, E.M. Rumberger, D.N. Hendrickson, J.R. Long, H.
Park and D.C. Ralph, Nano Lett. 6, 2014 (2006).
13 J.J. Henderson, C.M. Ramsey, E. del Barco, A. Mishra and
G. Christou, J. Appl. Phys. 101, 09E102 (2007).
14 G.-H. Kim and T.-S. Kim, Phys. Rev. Lett. 92, 137203
(2004).
15 C. Romeike, M.R. Wegewijs and H. Schoeller, Phys. Rev.
Lett. 96, 196805 (2006).
16 C. Romeike, M.R. Wegewijs, W. Hofstetter and H.
Schoeller, Phys. Rev. Lett. 96, 196601 (2006); 97, 206601
(2006).
17 F. Elste and C. Timm, Phys. Rev. B 73, 235305 (2006);
75, 195341 (2007).
18 M. Misiorny and J. Barnas´, Europhys. Lett. 78, 27003
(2007).
19 D.C. Ralph and R.A. Buhrman, in Concepts in spin elec-
tronics, edited by S. Maekawa (Oxford University Press,
2006), p. 195.
20 M. Misiorny and J. Barnas´, Phys. Rev. B 75, 134425
(2007).
21 K. Park and M.R. Pederson, Phys. Rev. B 70, 54414
(2004); D.W. Boukhvalov, M. Al-Sager, E.Z. Kurmaev,
A. Moewes, V.R. Galakhov, L.D. Finkelstein, S. Chiuzba-
ian, M. Neumann, V.V. Dobrovitski, M.I. Katsnelson, A.I.
Lichtenstein, B.N. Harmon, K. Endo, J.M. North, and N.S.
Dalal, Phys. Rev. B 75, 14419 (2007).
22 W. Wernsdorfer and R. Sessoli, Science 284, 133 (1999).
23 D. Weinmann, W. Ha¨usler, K. Jauregui and B. Kramer,
in Quantum Dynamics of Submicron Structures, edited by
H.A. Cardeira, B. Kramer and G. Scho¨n, NATO ASI Series
E 291, 297 (1995).
